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NA silencing is a eukaryotic surveillance mechanism that detects and eliminates double-stranded RNA (dsRNA) and any homologous single-stranded RNA, providing a defense against invasive nucleic acids such as viruses, transposons, and transgenes. The term refers to a set of related pathways found in plants [posttranscriptional gene silencing (PTGS)], fungi (quelling), and animals [RNA interference (RNAi)] (for recent reviews of RNA silencing in various organisms, see refs. [1] [2] [3] [4] [5] [6] [7] [8] . Consistent with the antiviral nature of RNA silencing, many viruses use a counterdefensive strategy, encoding proteins that block one or more steps in the RNA-silencing pathway (6, 9, 10) . Our work has focused on using helper component-proteinase (HC-Pro), a viral suppressor of RNA silencing encoded by plant potyviruses, as a tool to help elucidate the mechanism of RNA silencing.
A key conserved feature of RNA silencing in different organisms is that the process is triggered by the presence of dsRNA. In Caenorhabditis elegans and Drosphilia, dsRNA is processed into Ϸ22-nt short interfering RNAs (siRNAs) by an RNase III termed Dicer (11) . The siRNAs incorporate into a multicomponent silencing complex termed the RNA-induced silencing complex, where they act as guides to promote sequence-specific destruction of target RNAs (11) (12) (13) (14) (15) (16) . We and others (17) (18) (19) (20) have shown that HC-Pro blocks RNA silencing induced by sense constructs and severely reduces or eliminates siRNA accumulation. However, biogenesis of siRNAs is likely a multistep pathway, and the step where HC-Pro inhibits is unknown.
Three different classes of transgenes, sense, inverted-repeat (IR), and amplicon, have been shown to trigger RNA silencing in plants. These represent separate branches of the silencing pathway that converge at production of dsRNA. IR transgenes are thought to produce dsRNA directly by readthrough transcription, whereas amplicon transgenes encode replicationcompetent viral RNAs that produce dsRNA by the activity of a virus-encoded RNA-dependent RNA polymerase (RdRp) (21) (22) (23) . Studies using stable transgenic lines, as well as those using Agrobacterium infiltration, a transient expression technique, suggest that the genetic requirements for silencing and the response to HC-Pro differ depending on the nature of the inducing transgene. Sense transgene silencing depends on a set of cellular genes that are not required for IR transgene silencing including an RdRp (SGS2͞SDE1), an RNA helicase (SDE3), a coiled-coil protein (SGS3), and a Piwi͞PAZ domain protein (AGO1) (24) (25) (26) (27) (28) . Therefore, IR transgene silencing bypasses a portion of the RNA-silencing pathway that is specific to sense transgene silencing and provides a valuable model to understand steps of the pathway that are downstream of dsRNA. In transgenic lines as well as in the Agrobacterium-mediated transient expression system, the suppression of sense-transgene silencing by HC-Pro is associated with a block in siRNA accumulation (17) (18) (19) (20) . In contrast, experiments using IR constructs in the transient system suggest that HC-Pro only partially suppresses this type of silencing, allowing siRNA accumulation to continue (20) . Although HC-Pro has been shown to suppress the silencing induced by stably integrated IR and amplicon transgenes (24, 29, 30) , the influence of HC-Pro on siRNA accumulation in these IR or amplicon transgenic lines is unknown.
Another class of small regulatory RNAs, the micro-RNAs (miRNAs), exists in a broad range of eukaryotes ranging from humans to plants (31) (32) (33) (34) (35) . The first examples of miRNAs, lin-4 and let-7, were found in C. elegans, where they arise from genes that do not encode protein and function by binding to the 3Ј-untranslated region of target mRNAs, blocking their translation. In these two known cases, the miRNA targets encode important regulators of development (36) (37) (38) (39) (40) . The discovery of miRNAs in many other organisms suggests that the miRNA pathway, like the RNA-silencing pathway, arose early in eukaryotic evolution. Although the functions of most miRNAs are unknown, bioinformatic analysis suggests that many plant miRNAs regulate the expression of transcription factors that function in plant development (41) . Although lin-4 and let-7 miRNAs control developmental processes at the level of translation, one plant miRNA has been shown to mediate mRNA cleavage (42) . Considering the large number of miRNA genes in diverse species, some miRNAs may regulate gene expression at other levels, such as transcription, mRNA localization, or mRNA processing.
The siRNAs and miRNAs differ in their origin. Whereas siRNAs come from dsRNA that has been processed into fragments, miRNAs come from endogenous transcripts processed such that a single miRNA is produced from one arm of the structured precursor molecule (13, 16, (31) (32) (33) (34) (35) 43) . Nonetheless, siRNAs and miRNAs share similarities in their biogenesis. In animals, both siRNAs and miRNAs are processed by the activity of Dicer (12, 13, (43) (44) (45) . A similar situation is expected in plants, where the Dicer homolog CAF͞SIN͞SUS (46-48) is required for miRNA accumulation (34) , although the RNase III that produces siRNAs has not yet been identified. In addition, siRNAs and miRNAs are similar in size (21-24 nt), and both have been found as an integral part of a multicomponent complex containing a member of the Piwi͞PAZ domain family, siRNAs in the RNA-induced silencing complex and miRNAs in the microribonucleoprotein (12, 49) . In fact, recent evidence suggests that the RNA-induced silencing complex and the microribonucleoprotein might in fact be the same complex (41, 42, 50) . The shared features of miRNA and siRNA biogenesis together with the result that HC-Pro decreases siRNA accumulation raises the possibility that HC-Pro may also alter the accumulation of miRNAs and lead to profound effects on gene expression.
To further dissect the RNA-silencing and miRNA pathways, we compared the effect of HC-Pro in a sense-transgene silenced line to that in representative IR-and amplicon-silenced lines. We found that HC-Pro blocks RNA silencing in the stably transformed lines regardless of the class of inducing transgene and that, in each case, HC-Pro-suppression of silencing was accompanied by elimination of detectable levels of siRNAs. Analysis of the accumulation of dsRNA in these lines suggests that HC-Pro blocks RNA silencing by blocking siRNA processing from dsRNA precursors or by destabilizing siRNAs. Surprisingly, HC-Pro dramatically enhances the accumulation of miRNAs. Our results indicate that HC-Pro alters small RNA metabolism in plants, differentially regulating the accumulation of these two classes of small regulatory RNAs.
Materials and Methods
Transgenic Tobacco Lines. The ␤-glucuronidase (GUS)-silenced transgenic tobacco lines 6b5 (51), 155 (SA93006) (23) , and T4 (52), the GUS-expressing line T19 (52) , and P1͞HC-Pro (derived from tobacco etch virus) expressing line X-27-8 (18) have been described.
RNA Gel Blot Analysis. Total nucleic acid was isolated, and RNA gel blot analysis was performed as described (53) . For the probe, PCR-amplified fragments representing the entire GUS-coding sequence were labeled with 32 P by using the Amersham Pharmacia, Megaprime DNA-labeling system. Ethidium bromide (EtdBr)-stained 25S rRNA is shown in each figure as a loading control.
Low molecular weight RNAs were isolated, separated by denaturing polyacrylamide gel electrophoresis, and blotted to a nylon membrane (Hybond NX, Amersham Pharmacia) as described (18) . Sense and antisense RNA probes for small RNAs were generated by transcription from the 3Ј 700 nucleotides of the GUS-coding sequence in the appropriate direction by using the Ambion, Maxiscript SP6͞T7 kit. MiRNA probes were prepared by end-labeling antisense oligonucleotides using T4 polynucleotide kinase (New England Biolabs). The small RNAs (2 g per lane) were also separated by agarose gel electrophoresis and the most predominant EtdBr-stained species of RNA on these gels, running at Ϸ200 nt, was used as a loading control.
RNase A Analysis. Total RNA was digested at 37°C for 30 min with 2.2 g͞ml RNase A͞T1 (Ambion) in RNase buffer containing 0.01 M Tris⅐HCl (pH 7.5), 0.2 M NaCl, 0.1 M LiCl, and 1 mM EDTA in a final reaction volume of 250 l. After RNase digestion, proteinase K and SDS were added to a final concentration of 1 mg͞ml and 0.5%, respectively, and the reaction was incubated at 37°C for 15 min. Samples were purified with phenol͞chloroform and ethanol precipitation. As a control, total RNA was denatured by boiling for 5 min before RNase A͞T1 digestion. RNA gel blot analysis was performed as described above.
Calf Intestinal Phosphatase (CIP) and Polynucleotide Kinase Reactions.
Approximately 10-15 g of small RNAs were incubated with 20 units of CIP (New England Biolabs) for 1 h at 37°C in the buffer supplied by the manufacturer. Polynucleotide kinase reactions were performed as suggested by the manufacturer at 37°C for 30 min by using 10 units of T4 kinase (New England Biolabs) and 1 mM ATP (Ambion). Samples were separated by denaturing PAGE and blotted to nylon membrane (Amersham Pharmacia) as described (18) .
Results

HC-Pro Suppression of IR-or Amplicon-Induced RNA Silencing Interferes with the Accumulation of siRNAs and Promotes Accumulation of
Larger Small RNAs. RNA silencing is induced by dsRNA that is cleaved into the siRNAs that mediate sequence-specific RNA degradation. We have previously shown that HC-Pro suppression of RNA silencing induced by a GUS sense transgene eliminates the accumulation of siRNAs ( (23, 52) also eliminates siRNA accumulation, we analyzed small RNAs from the offspring of crosses between these lines and either a nontransformed control plant or an HC-Pro expressing line (line X-27-8) (18) . Southern analysis demonstrated that the transgene locus in line T4 contains two GUS genes arranged as an IR (Fig. 1 A; ref. 52) , and this line is therefore thought to produce GUS dsRNA via read-through transcription. The amplicon transgene in line 155 is comprised of complementary DNA encoding the potato virus X (PVX) genomic RNA in which the coat protein gene is replaced by the GUS locus ( Fig. 1 A) . The transcript produced by the amplicon transgene is a replicating PVX vector and thus produces dsRNA replication intermediates with homology to both PVX and GUS sequences.
As expected, the IR-and amplicon-silenced lines, like the sense transgene-silenced line 6b5, accumulated siRNAs. The small RNAs produced in these three different lines were analyzed by high-resolution gel electrophoresis. In each case, the size of the small RNAs was very similar, ranging from 21 to 24 nt (Fig.  1B, lanes 1-4 ; lane 1 is a longer exposure of lane 2). The small RNAs in each of these silenced lines hybridized to probes specific to both sense-strand GUS RNA (Fig. 1B) and antisense-strand GUS RNA (Fig. 1C) , indicating that both polarities are represented as expected for siRNAs. Thus, these small RNAs have the characteristics of bona fide siRNAs.
Examination of small RNAs isolated from sense, IR, and amplicon transgenic lines crossed with a line expressing HC-Pro showed that HC-Pro interfered with accumulation of the 21-to 24-nt siRNAs in all three of these lines (Fig. 1B , lanes 5-7 and 9; lane 9 is a shorter exposure of lane 7). However, surprisingly, HC-Pro suppression of IR-and amplicon-induced RNA silencing resulted in accumulation of a longer species of small RNAs, Ϸ25-27 nt (Fig. 1B, lanes 5, 7, and 9 ). These 25-to 27-nt small RNAs accumulated to very high levels during HC-Pro suppression of amplicon-induced RNA silencing (Fig. 1B, lane 7) , presumably reflecting the vastly increased amount of replicating PVX-GUS RNA in this line (Fig. 2A, lane 3, vs. Fig. 2B, lane 4; ref. 30) . Like the RNA silencing-associated siRNAs, the larger small RNAs also hybridized with both antisense-strand (Fig. 1B) and sense-strand GUS RNA probes (Fig. 1C) . Thus, suppression of RNA silencing by HC-Pro eliminates siRNAs for all three types of transgenes, but in the case of IR and amplicon transgenes, a larger class of small RNAs accumulates instead.
The 5-Phosphorylation Status of the Larger Small RNAs. Previous experiments indicate that siRNAs must be phosphorylated at the 5Ј end to direct silencing (54) . To determine whether the larger (25-27 nt) GUS small RNAs have a 5Ј phosphate and are therefore silencing competent in this regard, larger small RNAs derived from HC-Pro-amplicon plants were treated with CIP and͞or polynucleotide kinase. CIP will remove phosphates regardless of whether they are located at the 3Ј or 5Ј end, whereas polynucleotide kinase adds a single phosphate to the 5Ј end. Fig.  1D shows that CIP treatment retards the migration of the larger small RNAs, as expected by the removal of negatively charged 3) and the unsilenced line 6b5 ϫ HC-Pro (lanes 4 -6). Total RNA (100 g) was digested for each plant line, and 10 g of total RNA was used for the untreated sample. The heat control is described in B. EtdBr staining of 25S rRNA is shown as a loading control.
group(s). In addition, larger small RNAs treated with polynucleotide kinase, as well as those treated with CIP followed by polynucleotide kinase, have the same mobility as untreated RNAs (Fig. 1D) . The only explanation that is consistent with these data is that the larger small RNAs possess a single phosphate that is located at their 5Ј ends and are therefore silencing competent in this regard. Furthermore, the presence of a 5Ј phosphate suggests that the larger small RNAs are the products of an RNase III.
HC-Pro Suppression of IR-and Amplicon-Induced RNA Silencing Appears to Promote the Accumulation of Long dsRNA. HC-Pro may interfere with siRNA accumulation by interfering with the production of the double-stranded siRNA precursors. To investigate whether dsRNA accumulation was altered during HC-Pro suppression of RNA silencing induced by the three different classes of transgenes, we isolated RNA from each line in the presence and the absence of HC-Pro and measured the level of dsRNA. In these experiments, we digested the isolated RNA with RNase A under conditions that eliminate single-stranded but not dsRNA. No RNase A-resistant high molecular weight RNA was detected from any of the silenced lines (Fig. 2 A, lanes  2, 4, and 6 ), presumably because of efficient Dicer-mediated processing of dsRNA into the 21-to 24-nt siRNAs. In contrast, RNase A treatment of total RNA extracted from both T4 ϫ HC-Pro and 155 ϫ HC-Pro plants revealed the presence of dsRNA from the IR and amplicon lines when RNA silencing is suppressed by HC-Pro (Fig. 2B, lanes 3 and 6, respectively) . Note that we cannot rule out the possibility that the dsRNA was not present in the cells but instead formed during our RNA extraction procedure from single-stranded sense and antisense strands. Nonetheless, the detection of dsRNA following extraction indicates that HC-Pro increased the accumulation of both RNA strands in the cells, and it is plausible that a large proportion of the GUS RNA accumulating in these lines is double stranded within the cell. Furthermore, HC-Pro expression was insufficient to cause dsRNA accumulation in the GUS-expressing control line T19 (Fig. 2 A and B; ref. 52 ). The multiple bands found in the 155 ϫ HC-Pro line represent viral genomic and subgenomic dsRNAs. Denaturation of the RNA before RNase A treatment eliminated the signal (Fig. 2B, lanes 2 and 5) indicating that we were, indeed, detecting dsRNA. These results indicate that HC-Pro does not interfere with dsRNA accumulation in the IR and amplicon lines and suggest that the effects on small RNA accumulation in these lines are because of changes in dsRNA processing or small RNA stability.
Surprisingly, double-stranded GUS RNA did not accumulate to detectable levels during HC-Pro suppression of RNA silencing in the sense transgene line 6b5 (Fig. 2B, lane 9) . Further attempts were made to detect dsRNA from the 6b5 ϫ HC-Pro transgenic line. We increased the amount of RNA assayed by using four times more RNA than previously (100 g vs. 25 g) and still failed to detect dsRNA in the resolution range of these gels (ϾϷ150 nt; Fig. 2C ). In addition, we used high specific activity RNA probes and no dsRNA was detected (data not shown). We estimate that we would have detected dsRNA in the 6b5 line if it were present at 1͞30 of the level detected in T4 ϫ HC-Pro plants. Perhaps dsRNA is produced in the 6b5 ϫ HC-Pro line, but it is too small or too heterogeneous to be easily detected. Therefore, we analyzed samples enriched for RNA Ͻ200 nt. We did not detect any GUS sequences in the range of 30-150 nt, even when using large amounts of these RNAs (240 g; Fig. 1B, lane  11) . Even though dsRNA was not detected in the silenced 6b5 plants, this line accumulates siRNAs of both polarities ( Fig. 1 B  and C; ref. 18 ), suggesting that dsRNA is produced in this line. Thus, we cannot determine whether HC-Pro affects dsRNA accumulation in the sense transgene line 6b5 because we cannot detect dsRNA from these plants. However, it is likely that HC-Pro inhibits dsRNA processing or destabilizes siRNAs in the sense transgene line, because it acts at one of these steps in the IR and amplicon lines.
HC-Pro Increases the Level of miRNA Accumulation in Tobacco.
HC-Pro inhibits siRNA accumulation (Fig. 1) , suggesting that HC-Pro may alter the activity of the Dicer-like RNase III responsible for siRNA production. Because miRNAs are also products of a Dicer-like RNase III in plants (34), we examined the effect of HC-Pro on miRNA accumulation (Fig. 3) . Four miRNAs were chosen for these experiments. Each was identified in Arabidopsis but predicted, on the basis of sequence similarity, to be highly conserved throughout the flowering plants (34) . The expression of all four miRNAs was detected in tobacco, supporting the phylogenetic conservation of the miRNAs. Strikingly, we found that HC-Pro increased the accumulation of these miRNAs 5-to 10-fold in leaves (Fig. 3A) . A similar increase in miR164 and miR167 accumulation was also detected in flowers and stems of HC-Pro-expressing plants (Fig. 3 B and C) . No miRNA precursors were detected in HC-Pro-expressing or nonexpressing lines, suggesting that they are rapidly processed, degraded, or too large to be observed on these gels. The increase in miRNA accumulation was independent of the silencing locus 1, 3, 5, 7, and 9) , the HC-Pro-expressing line 6b5 ϫ HC-Pro (lanes 2, 4, 6, and 8), and the GUS-expressing control line T19 (lane 10). The specific probe used to detect each miRNA is noted (miR167, miR164, miR156, and miR171). The migration of 21-and 25-nt DNA oligomers is shown on the left, and EtdBr staining of the predominant RNA species in the fractionated sample is shown as a loading control. (B and C) RNA gel blot analysis of miR167 and miR164 miRNAs, extracted from flower (F), leaf (L), and stem (St) tissue of a control line Xanthi (lanes 1-3) and the HC-Pro-expressing line X-27-8 (lanes 4 -6). The migration of 21-and 25-nt DNA oligomers is shown on the left, and EtdBr staining of the predominant RNA species in the fractionated sample is shown as a loading control. present in the plants because there was little difference in miRNA levels in 155 ϫ HC-Pro, 6b5 ϫ HC-Pro, and T4 ϫ HC-Pro plant lines (data not shown). Furthermore, the level of miRNA accumulation was similar in a GUS-expressing control line (T19) and a GUS-silenced line (6b5) (Fig. 3A, lanes 9 and  10) , suggesting that transgene-induced RNA silencing does not reduce miRNA accumulation by competing for components shared by the two pathways.
Discussion
Our results show that HC-Pro alters the accumulation of multiple classes of small RNAs in plants: the siRNAs that mediate RNA silencing, the miRNAs thought to regulate endogenous gene expression, and a novel class of larger small RNAs of unknown function. siRNAs are eliminated, whereas miRNAs and the larger small RNAs accumulate to higher levels in HC-Pro-expressing plants. In addition, HC-Pro has been shown to enhance the accumulation of small RNAs associated with dsRNA-mediated transcriptional gene silencing (55) . These results raise the possibility that HC-Pro affects a shared step in the biogenesis or turnover of different classes of small RNAs.
We examined the effect of HC-Pro on siRNA accumulation in three transgenic lines, each carrying a different class of transgene. As expected, silencing of the transgene in each of these lines was associated with accumulation of the previously reported siRNAs, Ϸ22 nt in length, representing both polarities of the silenced locus (14) . Expression of HC-Pro in each of these transgenic lines suppressed the silencing as assayed by appearance of transcripts from the previously silenced loci, and in each case, the HC-Pro suppression of silencing was correlated with elimination of siRNAs. These results confirm previous observations when using a sensetransgene silenced line (17, 18) , extend these findings to IR and amplicon transgenes, and suggest that HC-Pro suppresses silencing by preventing the accumulation of siRNAs.
The accumulation of dsRNA was examined during HC-Pro suppression of silencing induced by the three classes of transgene to determine whether the effect of HC-Pro on siRNA accumulation might reflect changes in the production or the processing of dsRNA. Although dsRNA has previously been detected during the silencing of IR transgenes in Petunia (56), dsRNA was detected in our experiments only after HC-Pro suppression of IR-and amplicon-induced silencing. dsRNA likely accumulated in the IR and amplicon lines because silencing was suppressed, and dsRNA was formed either directly in the case of the IR lines or during viral replication in the case of amplicon lines. However, formation of dsRNA in the sense transgene line requires a cellular RdRp, SGS2͞SDE1 (26, 28) . If this RdRp requires siRNAs as primers for dsRNA production, dsRNA would not be expected to accumulate during HC-Pro suppression of sense transgene silencing because the siRNAs are eliminated. The fact that dsRNA accumulates in the IR and amplicon lines that are suppressed for silencing suggests that HC-Pro blocks the accumulation of siRNAs by acting downstream of dsRNA in these lines. HC-Pro could inhibit the processing of dsRNA into siRNAs by interfering with a plant Dicer. However, the results are also consistent with other mechanisms. For example, siRNAs could be produced at similar rates in the silenced and the HC-Pro-expressing plants but be rapidly degraded in the HC-Pro-expressing plants and thus fail to accumulate.
A population of larger small RNAs with homology to the previously silenced locus accumulates in HC-Pro-expressing IR and amplicon lines. However, the biogenesis of these RNAs and their functions are not yet understood. The larger small RNAs in our experiments are of both polarities, possess 5Ј-terminal phosphates, and accumulate to levels proportional to the amount of long dsRNA. These features suggest that they are derived from dsRNA and are most likely produced by an RNase III. Plants encode a minimum of seven RNase IIIs, at least four of which are putative Dicers; therefore, the larger small RNAs and the siRNAs could be products of different RNase IIIs. Alternatively, they could be products of the Dicer(s) that has been altered by HC-Pro to produce 25-to 27-nt small RNAs instead of siRNAs. Even though the larger small RNAs have some characteristics of siRNAs, they are not correlated with RNA degradation and only appear in plants where silencing has been suppressed by HC-Pro. Larger small RNAs derived from reporter genes also have been detected in Agrobacteriuminfiltration transient assay experiments, and larger small RNAs derived from endogenous retroelements have been detected in nontransgenic plants (19) . As in our experiments, the presence of these larger small RNAs in the transient assays is not correlated with degradation of the corresponding mRNA. Rather, the larger small RNAs detected in the transient systems are correlated with systemic silencing and those from retroelements with methylation of homologous DNA (19) . However, neither of these correlations is observed in the case of a sense-transgene silenced line expressing HC-Pro (6b5 ϫ HC-Pro; ref. 18 ). This line is competent for systemic silencing and transgene methylation in the absence of detectable levels of either siRNAs or the larger small RNAs (18) .
Our results using transgenic lines differ in several respects from those reported using the Agrobacterium-mediated transient expression assay, likely reflecting basic differences in these two model systems. For example, larger small RNAs are detected during the silencing of sense constructs in the Agrobacteriummediated system (19) , whereas they are only detected during suppression of silencing by HC-Pro in the IR and amplicon transgenic lines (Fig. 1) . It is not clear whether the larger small RNAs have the same origin in the two systems. Furthermore, HC-Pro only partially suppresses the mRNA degradation of IR transcripts in the Agrobacterium-mediated system (20) , whereas it completely suppresses mRNA degradation in the IR transgene line. However, siRNA accumulation correlates with sequencespecific RNA degradation in both systems (17) (18) (19) (20) . Thus, the two assays are complementary, each providing valuable, but not completely overlapping information.
In contrast to siRNAs, the accumulation of endogenous miRNAs is dramatically enhanced in HC-Pro expressing plants. How does HC-Pro differentially regulate siRNA and miRNA accumulation? One possibility is that HC-Pro either redirects or differentially affects the Dicer(s) that processes these different classes of small RNAs. A simple competition between miRNA and siRNA biogenesis might not account for the increase in miRNA accumulation in HC-Pro-expressing plants, because this increase occurs even in the absence of a silenced transgene (compare Fig. 3A to Fig. 3  B and C) . However, in considering the idea of direct competition, it is important to consider the possibility of numerous endogenous siRNAs (34, 35) , which would also be competing for the processing machinery, possibly overwhelming any competition from the transgene RNAs. Another possibility is that HC-Pro differentially affects the assembly of the RNA-inducing silencing complex͞microribo-nucleoprotein. For example, HC-Pro might affect the stability of small RNAs by inhibiting or enhancing their incorporation into these RNA-protein complexes. It has been reported that HC-Pro alters the stability of the small RNAs formed during transcriptional silencing (55) .
The impact of HC-Pro on accumulation of endogenous miRNAs has implications for viral pathogenesis. The symptoms elicited by many viruses include developmental abnormalities. Given the role of at least some miRNAs in regulating development, such symptoms may reflect viral counterdefensive strategies that target host small regulatory RNA metabolism. The developmental abnormalities exhibited by transgenic plants that express high levels of HC-Pro or that overexpress rgs-CaM, a cellular suppressor of RNA silencing that interacts with HC-Pro (57), might also reflect changes in miRNA accumulation.
HC-Pro suppression of siRNA accumulation serves as an obvious counterdefensive strategy to thwart RNA silencing. However, this strategy may represent just part of a double-edged, global tactic that also uses the miRNA pathway to influence expression of proteins involved in other host defense pathways. In light of these findings, it will be interesting to examine the effect of other viral proteins on miRNA accumulation.
